Background. Postpartum hepatitis C viral (HCV) load decline followed by spontaneous clearance has been previously described. Herein we identify predictors for viral decline in a cohort of HCV-infected postpartum women.
Hepatitis C virus (HCV) is a well-known cause of chronic hepatitis and liver disease. The majority of adults and many children progress to chronic infection with viremia. While children can spontaneously clear HCV early in life, once chronic infection is established in adults, spontaneous resolution is a very rare occurrence [1] [2] [3] [4] [5] [6] [7] . However, a few prior studies have shown that some chronically infected pregnant women spontaneously clear their infection in the postpartum period [8, 9] . Other studies have described intensive immune analysis of small cohorts of postpartum HCV-infected women, including 1 who spontaneously cleared her infection [10] . Larger studies are required to better define which women with chronic HCV have a higher likelihood of spontaneous resolution in the postpartum period.
While several predictors have been proposed for spontaneous clearance in other groups of patients, the interleukin-28B gene (IL28B) locus proved to be the best predictor in acute and chronic HCV infection and among those treated with interferon (IFN) and ribavirin [11] [12] [13] [14] . While a broad and robust cellular immune response is known to be necessary for clearance of acute HCV infection, the underlying changes prior to clearance of chronic HCV remain largely unknown [7, 15] . A study that followed a single individual over a period of 2 years after infection demonstrated that a spike in anti-HCV antibodies preceded clearance of HCV, thereby demonstrating the importance of a humoral response in clearance [6] . However, conducting this level of follow-up in chronically HCV-infected patients requires following a large cohort of individuals over several years at an exorbitant cost. Hence, identifying specific cohorts likely to spontaneously clear their HCV infection in a predictable and time-limited manner could contribute significantly to the understanding of the underlying immunological changes.
Our research team has been studying HCV-infected pregnant women in the high-seroprevalence country of Egypt [16] . We designed this study to prospectively follow pregnant women with chronic HCV infection for 1 year postpartum to determine changes in their viral load over time and the frequency of spontaneous clearance. We evaluated several host and viral factors associated with clearance, including the IL28B allele.
METHODS

Study Population
This prospective cohort study has been described in detail elsewhere [17, 18] . Briefly, all eligible pregnant women who attended the antenatal clinic of the Department of Obstetrics and Gynecology at Kasr Al-Aini Hospital, Faculty of Medicine, Cairo University, were invited to participate in the study. Inclusion criteria included healthy pregnant women aged 21-45 years attending the Cairo University antenatal clinic and in their last trimester of pregnancy. Women were excluded if they were diagnosed with placenta previa, eclampsia, uncontrolled diabetes, jaundice, advanced heart conditions, kidney failure, immunosuppressive disorders, or advanced psychiatric disorders or if they were unable to provide informed consent. All women invited to participate agreed to join the study (100%) and were screened for anti-HCV antibodies, and those who were anti-HCV positive were tested for viremia at baseline (third trimester) and every 3 months for the following 12 months after delivery (Figure 1) . Women who had undetectable viral loads less than 6 months before their last (12 month) visit were recalled and tested again 6 months after their first undetectable viral load result. Women with 2 undetectable viral loads at least 6 months apart were considered to have spontaneously cleared their HCV infection. Viremic women were tested for IL28B polymorphism (rs12979860). Of the 54 viremic women, 52 agreed to IL28B testing (96.3%) and completed all follow-up visits (100% compliance), with no missing data.
This study was conducted according to the principles of the Declaration of Helsinki (1964) and was independently approved by the institutional review boards (IRB) of Cairo University, University of Maryland at Baltimore, and University of North Carolina at Chapel Hill. Every pregnant woman signed an Arabic (local language) written informed consent form after the study was explained in detail in Arabic and all her questions were addressed. Women who were illiterate were accompanied by a literate companion who attended the consenting process and co-signed the informed consent after all their questions were answered.
Demographic and Obstetric History and Hepatitis C Virus-related Risk Factors
A detailed questionnaire was administered to women at enrollment in the local language (Arabic); for illiterate women, it was administered verbally by a member of the study group. Information collected included demographics (age, occupation, last menstrual period, and expected date of delivery), HCVrelated risk factors (history of jaundice, surgery, liver disease, blood transfusion, needle-stick injury with a contaminated needle, tattoos, endoscopy, renal dialysis, dental care or tooth extraction, or if they ever injected drugs or other medications using shared needles), and obstetrical history (full-term and pre-term births, abortions, and living children)
Laboratory Testing
Maternal samples were drawn at the time of enrollment and tested for anti-HCV antibodies using a fully automated electrochemiluminescence immunoassay (Elecsys anti-HCV immunoassay; Cobas-Roche). Positive maternal samples were tested for quantitative HCV-RNA using real-time polymerase chain reaction (Roche LightCycler 2.0), with a lower limit of quantitation of 12 IU/mL, as described elsewhere [19] . Maternal IL28B genotyping was performed using the LightMix IL28B allelic discrimination kit (Roche Diagnostics, Mannheim, Germany) for detection of the human IL28B C/T polymorphism (rs no.12979860) in human nucleic acid extracts. This LightMix kit was tested on the LightCycler 2.0 instrument with the LightCycler FastStart DNA HybProbeMastermix. Figure 1 . Schematic of follow-up of enrolled pregnant women. Pregnant women were screened for anti-hepatitis C virus (HCV) antibodies in their third trimester of pregnancy. Those who were anti-HCV positive were tested for viremia at baseline and then every 3 months for the following 12 months after delivery. Women who had undetectable viral loads less than 6 months before their last (12-month) visit were recalled and tested again 6 months after their first undetectable viral load result, up to 18 months after giving birth. Abbreviation: HCV, hepatitis C virus.
Data Analysis
Women who spontaneously cleared their viremia were compared to those who remained infected after completion of follow-up. The associations between maternal risk factors and clearance were assessed and described. Given the small number of women with spontaneous clearance, the following nonparametric tests were used to compare between them: the Fisher exact test was used for categorical variables, the Mann-Whitney U test was used for continuous variables, and an exact test was used to test for Hardy-Weinberg equilibrium in the IL28B allele frequencies [20, 21] . Logistic regression was used for unadjusted and adjusted analyses; P values were computed using permutation tests; and 95% confidence intervals (CIs) were computed using the bootstrap. Generalized estimating equations (GEEs) were fit to compare average viral load (log transformed) over time between the IL28B genotypes after adjustment for age and number of full-term births. Analyses were performed using the SPSS statistical software, version 23.0 (IBM SPSS Statistics for Windows, version 23.0; IBM Corp, Armonk, New York) and R statistical software (version 3.2).
RESULTS
A total of 2514 pregnant women were tested for anti-HCV antibodies in their third trimester from December 2012 through March 2014. All agreed to participate and were followed after delivery until September 2015, with some additional follow-up testing in some individuals completed by May 2016. Of those, 97 (3.9%) were anti-HCV seropositive and 54 (2.1%) were also positive for HCV RNA. Of the 54 women with viremia, 52 agreed to be tested for IL28B polymorphism (rs12979860) and consisted of 28/52 (53.8%) with the CC allele, 17/52 (32.7%) with the CT allele, and 7/52 (13.5%) with the TT allele. We found little evidence of departure from Hardy-Weinberg equilibrium (P value = .18) in the IL28B allele frequencies compared to frequencies in other Middle Eastern cohorts [22] [23] [24] [25] .
Of those 52 women, 37 (71.2%) infected pregnant women had a significant drop in the HCV viral load (by more than one-half log decline) within the first 3 months after delivery. The steepest drop in HCV RNA was observed in the interval between 9 months and 12 months postpartum, with 25/52 women (48.1%) having a >2.0-log decline by 12 months. By 12 months after delivery, 15 women had dropped their viral load to an undetectable level (below the lower limit of quantitation of 12 IU/mL). Of these women, 14/15 (93.3%) continued to have an undetectable level of viremia at a subsequent visit 6 months later and were considered to have spontaneously cleared their viremia. This represents 26.9% of the 52 women with chronic HCV viremia. These 14 women were distributed as follows: 10/14 (71.4%) had the IL28B CC allele, 2/14 (14.2%) the CT allele, and 2/14 (14.2%) the TT allele (P = .215). Table 1 summarizes demographic, host, and viral factors among the women with spontaneous clearance and those who did not clear. Among the risk factors examined, only history of liver disease was associated with spontaneous clearance (P = .02; Table 1 ). Participants with the CT genotype of IL28B had the lowest proportion of clearance (11.8%), followed by the TT (28.6%) and CC (35.7%) genotypes; however, the result was not statistically significant (P = .21).
Association of Interleukin-28B Gene and Other Maternal Factors With Viral Load Drop and Spontaneous Clearance
After adjusting for all host and viral factors (Table 2) , the IL28B CT allele had a near statistically significantly lower odds of clearance than the CC allele (odds ratio [OR], 0.75; 95% CI, 0.57,1.00; P = .05), but not the TT allele (OR, 0.91; 95% CI, 0.61,1.38; P = .64). When adjusting only for potential predictors of clearance (baseline viral load, age, and prior births), the association remained near significant.
Interestingly, all 14 women who had spontaneously cleared by the end of the study were among the 15 who had an undetectable level by 12 months, making undetectable viremia at 12 months a strong predictor of final clearance with a sensitivity of 100%, specificity of 97.4%, positive predictive value of 93.3%, and a negative predictive value of 100%. This indicates that any mother who did not have an undetectable viral load by 12 months after delivery was not likely to subsequently clear her viremia.
Among the 37 postpartum women with known IL28 B status who had >0.5 log drop by 3 months after giving birth, 21/37 (56.8%) had the CC allele, 11/37 (29.7%) had the CT allele, and 5/37 (13.5%) had the TT allele (P = .833). Also, among the 25 women who had a >2.0 log drop by 12 months after giving birth (compared to their pregnancy viral load), there was a statistically significant difference between the IL28 B alleles with respect to the proportion of those who cleared within each allele, where 17/28 (60.7%) of those with the CC genotype, 4/17 (23.5%) of those with the CT genotype, and 4/7 (57.1%) of those with the TT genotype cleared the virus (P = .049). After adjusting for predictors of clearance (age and number of prior births), the GEE analysis that compared the difference in change in mean log viral load over time from baseline between the 3 genotypes was statistically significant (P = .009), with the CC allele showing the greatest decline by the last visit (Figure 2) . Unadjusted analysis and an analysis that adjusted for risk factors of infection yielded nearly identical results
DISCUSSION
These results describe the largest reported cohort of HCVinfected women with postpartum spontaneous resolution. In this cohort, the IL28B favorable CC genotype was the single best predictor for a significant postpartum drop in viral load by 12 months, which was, in turn, a predictor for subsequent spontaneous viral clearance. We were able to leverage several key advantages to obtain these results, including high local seroprevalence, busy obstetric service with a large catchment area, and an existing study infrastructure that was conducting universal HCV screening during prenatal care. The inclusion of more than 50 viremic pregnant women who could be prospectively followed has previously only been possible in studies Model 1 is unadjusted; model 2 adjusts for age, log baseline viral load, and number of full-term births; and model 3 adjusts for the same variables in model 2 as well as risk factors for infection. Cells with data too sparse to be calculated were excluded from the adjusted model (history of preterm births, working in the health sector, history of jaundice, history of liver disease, history of needle-stick injury, history of tattoos, history of endoscopy, history of renal dialysis, and history of intravenous injection with needle sharing). The variable "having children who are currently alive" strongly correlated with "number of full-term births" and was also excluded from the model. ORs were estimated using logistic regression. P values derived using permutation tests based on 5000 permutations. CIs were derived using 5000 bootstrap replicates.
Abbreviations: CI, confidence interval; OR, odds ratio. a 14 women spontaneously cleared their chronic HCV infection and 38 remained persistently infected. conducted over many years across multiple institutions [1, 4, 26] . In contrast, these data were collected over 2 years at just 1 institution [18, 27] . The postpartum period has been previously recognized as a window for spontaneous resolution. While a nonpregnant adult has an exceedingly low chance for spontaneous resolution, small studies have demonstrated a spontaneous clearance rate of up to 20% [8, 9] . More detailed studies have described a pattern of declines in HCV RNA levels in the postpartum period [10] . Immunologic analyses on a subset of women have shown that after the "immune tolerant" setting of pregnancy, there is a tremendous surge of HCV-specific T cells and increased immune activity targeted against the virus [10] . None of these prior studies had more than a few women with spontaneous resolution, so no analysis of specific risk factors could be performed.
The association of the favorable IL28B genotype in nonpregnant adults was first identified as part of a genome-wide association study in adults with sustained response to IFN therapy [11] . It was then associated with spontaneous resolution of acute HCV infection [12] and a better response to IFN/ ribavirin treatment when it was started early [28, 29] . IL28B induces IFN-λ and mediates the innate immune response to RNA viruses that is distinct from IFN-α [30] . Studies that examined the intrahepatic gene expression of patients with sustained response to pegylated-IFN therapy compared to those patients who were nonresponders or relapsers showed that those with favorable IL28B genotypes had lower baseline IFN-stimulated gene (ISG) expression [31] . The approval of direct-acting antiviral (DAA) agents against HCV has diminished the role of IL28B significantly, as virtually all patients respond to therapy. However, when treating genotype 1b with sofosbuvir/ledipasvir in patients with a favorable CC allele, current American Association for the Study of Liver Diseases guidelines allow for a shortened 8-week course at the discretion of the practitioner [32] [33] [34] .
The role of IL28B in HCV-infected pregnant women is related to how their immune system must become tolerant to the foreign antigens in the fetus [35] . There is a shift from a Th-1 to a Th-2 bias in the immune responses (which explains the improvement in autoimmune conditions such as rheumatoid arthritis, multiple sclerosis, and autoimmune hepatitis), along with a suppression of HCV-specific T cells and a rise in HCV RNA during pregnancy [10] . After delivery, the immune system shifts back to the Th-1 bias, which is accompanied by a surge in HCV-specific T cells. In a postpartum HCV-infected woman who has the favorable IL28B genotype, prior data would suggest that she has relatively low baseline expression of ISG in her liver [31] . These genes would then respond to cytokine signals secreted during the HCV-specific T-cell surge in the postpartum period. Future studies are necessary to prove this hypothesis.
Given these results, what role would IL28B testing play in the care of pregnant women with HCV? In ideal circumstances, every patient with chronic infection would be treated with DAAs, and virtually all would clear their infection. In reality, there is a constant triage when selecting patients who would benefit most from therapy. Given that women with the unfavorable IL28B genotype are unlikely to spontaneously resolve their infection in the postpartum period, they would be the ones most likely to benefit from therapy, thereby eliminating their viremia and the risk of vertical transmission in future pregnancies. Based on our findings, those with the CC genotype are likely to have the steepest viral load decline and subsequently clear more often. Regardless of genotype, the women who had an undetectable viral load level by 12 months were most likely to spontaneously clear, while those who had viremia were unlikely to improve after that time point.
Hence, it seems that women should be followed in the postpartum period until at least 12 months after delivery, thus saving the cost and effort of a treatment course. This triage by viral load at 12 months and by IL28B genotype may help more patients get treated in resource-poor settings where DAAs are either not available or available but, even when discounted to the local price, is far too expensive, as is the case for Egypt. If the medical community could replicate the natural sequence of tolerance and release of tolerance with the subsequent viral clearance in nonpregnant patients, this knowledge would facilitate production of a vaccine against HCV. There are some limitations to our study, in particular, the sparsity of data in some of the HCV risk factors where there were too few women to elicit a statistically significant difference between the IL28B alleles at the 12-month time point. However, after accounting for the rate of viral load decline, the CC allele had a significantly faster rate of viral load decline, even after adjusting for potential predictors of clearance, indicating its strong association. An important limitation is that we were unable to test for the more predictive rs368234815 variant (IFNL4-∆G/TT) [36] . At the start of this study, there was no IL28B testing available in Egypt, and since the Egyptian Ministry of Health and the Cairo University IRB do not allow for shipping samples abroad, we could not perform any additional testing beyond the rs12979860 variant, which was the only commercially available test in Egypt.
Another limitation is the possibility that the IL28B distribution in this cohort may not be representative of that in the general Egyptian population. However, while some regional studies describe IL28B distribution in chronic HCV-infected nonpregnant adults [22] [23] [24] [25] , they are small and not representative of the overall population. However, they do offer a very similar distribution to what we observed in our study, with little evidence of departure from Hardy-Weinberg equilibrium. Furthermore, given that our cohort included all eligible women who went to the antenatal clinic at a major clinical center over a period of 2 years, our cohort most likely constitutes a representative sample of pregnant women from the densely populated Nile Delta of northern Egypt.
Finally, we were not able to conduct viral genotyping. However, the predominant genotype in Egyptian patients is genotype 4 (93.1%), with genotypes 1, 2, and 3 accounting for 3.8%, 0%, and 0.8%, respectively [37] . While genotypes 2 and 3 potentially have a higher rate of spontaneous clearance, their proportion in Egyptian patients is so minuscule that we do not expect that it had an impact on our findings.
Our study also had several strengths, particularly the large number of HCV-infected women enrolled at a single site over a short time period, the very high acceptance rate to join the study (100%), and excellent follow-up (100%) until completion of the study.
In conclusion, we describe the largest cohort of postpartum HCV-infected women who spontaneously resolved their viremia and present evidence that this phenomenon is predictable and can allow for carefully planned studies of immunological changes in similar cohorts that can inform immune therapies and vaccines. This resolution is strongly associated with viral load at 12 months after delivery and the presence of the favorable IL28B genotype. The use of these 2 markers of clearance in the future triage of HCV-infected pregnant women may allow more targeted treatment of patients who are not likely to spontaneously resolve their HCV. 
